The Cold Spot is one of the anomalies in the Cosmic Microwave Background, and could be of primordial origin, or caused by a foreground structure. The recently constructed WISE-2MASS all-sky infrared catalogue has a projected underdensity in the direction of the Cold Spot with an angular size 10's of degrees, and as deep as δ −0.12 in the center. We show that a spherically symmetric Lemaitre-Tolman-Bondi (LTB) void model can simultaneously fit the underdensity in the WISE-2MASS catalogue and the Cold Spot as observed by both the Wilkinson Anisotropy Probe and Planck satellites. Such an LTB supervoid gives a perfect explanation, via a Rees-Sciama effect, of the Cold Spot anomaly, and is strongly preferred (using a Bayesian analysis) over the null hypothesis (statistical fluctuation) or a texture model. When the galaxy bias, measured from the large-scale angular power spectrum, is taken into account, a simultaneous three-parameter fit for the void model and the temperature profile gives z 0 = 0.16 ± 0.04 for the mean redshift of the supervoid, r 0 = 195 ± 35 h −1 Mpc for its size, and δ = −0.10±0.03 for the top-hat-projected average depth of the void. These parameters are in excellent agreement with the results of Szapudi et al. (2014) , who used additional photometric redshifts from Pan-STARRS1 for direct tomographic imaging of the void.
INTRODUCTION
The temperature anisotropies of the Cosmic Microwave Background (CMB) provide the earliest image of the primordial density fluctuations generated during inflation. They evolve into the present distribution of Dark Matter traced by galaxies, possibly in a biased fashion. The cosmological information encoded in the spatial distribution of galaxies is revealed by several present and future programs mapping the Universe in wide area surveys, such as Pan-STARRS (Kaiser et al. 2010) , DES (The Dark Energy Survey Collaboration 2005), BigBOSS (Schlegel et al. 2011) , LSST (LSST Science Collaboration et al. 2009 ) and Euclid (Amendola et al. 2013) .
While a homogeneous and flat Universe with dark matter and a cosmological constant -the ΛCDM model -is in agreement with most cosmological observations, it is challenged by several puzzling anomalies on large angular scales seen in the CMB patterns.
Among these anomalies, a cold area of approximatively 5
• radius in the direction (b = −57
• , l = 209 • ), initially found in the Wilkinson Microwave Anisotropy Probe (WMAP) temperature map by Vielva et al. (2004) , has been characterized in the Planck 2013 temperature maps with great accuracy . The occurrence of a decrement in the CMB temperature pattern with similar size in Gaussian simulations has been evaluated to be below 1% (Cruz et al. 2005 ). Thus a physical explanation for the Cold Spot (CS) is more plausible than a statistical fluke.
The CS in the CMB pattern could have been originated by a primordial fluctuation on the last scattering surface or by an intervening phenomenon along the line of sight. Contamination from our galaxy or by the Sunyaev-Zeldovich effect from a cluster are quite unlikely (Cruz et al. 2006) . If it were a primordial feature on the last scattering surface, the CS could be a signature of a non-perturbative effect during inflation (García-Bellido and Haugboelle 2008; Afshordi, Slosar and Wang 2011), or it might open a new exciting window onto the early Universe if caused by a cosmic texture generated during a phase transition at 10 16 GeV (Cruz et al. 2007 ). Alternatively, the CS could be imprinted by an intervening supervoid along the line of sight (Inoue and Silk 2006, 2007; Inoue, Sakai and Tomita 2010; Inoue 2012; Masina and Notari 2009) . While voids fill approximately 30 % of the Universe at z < 1 (Colberg et al. 2005) a quantitative explanation requires a supervoid with radius 200Mpc −1 , a quite rare structure in a ΛCDM cosmology. The supervoid hypothesis can be tested in galaxy surveys, and several investigations have been already carried out. An underdensity in the direction of the CMB cold spot has been claimed in NVSS (Rudnick et al. 2007 ), but its statistical significance has been debated (Smith and Huterer 2010) . Granett, Szapudi and Neyrinck (2010) imaged the cold spot region by the Canada-France-Hawaii Telescope (CFHT) ruling out the existence of a 100 Mpc supervoid with underdensity δ −0.3 at 0.5 < z < 0.9. Bremer et al. (2010) reached similar conclusions from a redshift survey using the VIMOS spectrograph on the VLT. In the relatively shallow 2MASS galaxy catalogue, found an under-density in the galaxy field in the Cold Spot region. The structure they identified induces a ∆T = −7µK depression in the CMB temperatures in the ΛCDM model, that is not a satisfactory explanation for the CS anomaly.
In this paper we jointly consider CMB and large scale structure data, and test the idea that an LTB supervoid could explain both observations. We use the recent galaxy catalogue WISE-2MASS (Kovács and Szapudi 2014) produced by joining the Wide-Field Infrared Survey Explorer (WISE, Wright et al. (2010) ) with the 2-Micron All-Sky Survey (2MASS, Skrutskie et al. (2006) ). See Kovács et al. (2013) for the previous generation of catalogue based on WISE alone. We consider WMAP-9yr and Planck as CMB data. To minimize astrophysical contamination we use foreground cleaned maps. For WMAP, we use the 9th year Internal Linear Combination (ILC) map at the HEALPIX (Gorski et al. 2005) resolution N side = 1024 publicly provided at http://lambda.gsfc.nasa.gov/. For Planck data different CMB foreground cleaned maps are provided , and we choose the Spectral Matching Independent Component Analysis (SMICA) (Cardoso et al. 2008 ) map at the HEALPIX (Gorski et al. 2005) resolution N side = 2048, publicly provided at http://pla.esac.esa.int/pla/aio/planckProducts.html.
METHODS
Kovács and Szapudi (2014) combined photometric information of the WISE and 2MASS infrared all-sky surveys to produce a clean galaxy sample for large-scale structure research. They apply Support Vector Machines (SVM) to classify objects using the multicolor WISE-2MASS database. They calibrate their star-galaxy separator algorithm using Sloan Digital Sky Survey (SDSS, Abazajian et al. 2009 ) classification, and use the Galaxy and Mass Assembly (GAMA, Driver et al. 2011 ) spectroscopic survey for determining the redshift distribution of the WISE-2MASS galaxy sample.
Furthermore, Kovács and Szapudi (2014) pointed out that W 1WISE − J2MASS −1.7 with a flux limit of W 1WISE 15.2 mag is a simple and effective star-galaxy separator, capable of producing results comparable to the multidimensional SVM classification. As a further refinement, another flux limit of J2MASS 16.5 mag is applied to have a fairly uniform all-sky dataset that is deeper than 2MASS and cleaner the WISE. The final catalogue has an estimated ∼ 2% stellar contamination among 2.4 million galaxies with z med ≈ 0.14.
We construct a mask to exclude potentially contaminated regions near the Galactic plane using the dust emission map of Schlegel et al. (1998) . We mask out all pixels with E(B − V ) 0.1, and regions at galactic latitudes |b| < 20
• , leaving 21,200 deg 2 for our purposes. Fig. 1 shows a 40
• ×40
• size patch of the WISE-2MASS galaxy catalogue centered on the CS at a resolution of approximatively 30 , i.e. HEALPIX (Gorski et al. 2005) of N side = 128. The corresponding profile of the underdensity as a function of the angular distance from the center is shown in the upper panel of Fig. 3 .
At the center of the CS, there is an approximately 16% underdensity in galaxy counts, extending or a radius over 20
• . We followed Kovács et al. (2013); Szapudi et al. (2014), and estimated the bias of the galaxy catalog using SpICE ( Szapudi et al. 2001 ) and python CosmoPy 1 package, finding b = 1.41 ± 0.07. The depression in galaxy counts, therefore, corresponds to a δ2D −0.12 underdensity in matter, assuming the linear bias relation δ2D = δ2D,g/b.
The image in the WISE-2MASS galaxy catalogue is 1 http://www.ifa.hawaii.edu/cosmopy/ compared to the same angular patch of the WMAP-9yr Internal Linear Combination (ILC) map (Bennett et al. 2013) and of the Planck SMICA map ). An average 50 µK temperature decrement of approximatively 10 degree in size is clearly visible, corresponding to the CMB Cold Spot. The purpose of this letter is to show that a general relativistic void model for the underdensity in WISE-2MASS could explain the CMB cold spot.
THE LTB MODEL
We model the underdensity in the WISE-2MASS with a ΛLTB model, (García-Bellido and Haugboelle 2008), characterized by a spatial curvature profile k(r) = k0 r 2 exp(−r 2 /r 2 0 ), which can be written as a linear metric perturbation in a ΛCDM model,
with the LTB radius r related to the comoving FRW radius throughr = 3/4π H0r. This scalar potential gives rise to a 3D density profile for the void
characterized by two parameters, the comoving widthr0 and the depth δ0. In order to compare with WISE-2MASS we project the 3D density (2) onto the transverse plane, using the WISE window function φ(y), with the center of the void at comoving distance y0, andr 2 (y, θ) = y 2 + y 2 0 − 2yy0 cos θ,
From the metric perturbation (1), we can also compute the linear Integrated Sachs-Wolfe (Sachs and Wolfe 1967) and the non-linear Rees-Sciama (Ress and Sciama 1968) effect on the CMB temperature anisotropies. For a large compensated void with a profile of Eq. 2, the linear ISW effect dominated by the non-linear Rees-Sciama effect,
whereθ0 = 3/4π θ0, and we used a small angle approximation, tan θ θ. While the ISW effect is proportional to the time derivative of the potential, therefore typically smoother then the density distribution, the RS effect depends on higher derivatives, thus more compact then the void. This fact is reflected by the 3/4π 0.48 scaling factor between the scale of the void, and the scale of the corresponding cold spot on the CMB. The magnitude of the decrement depends on the parameters of the void,
and θ0 = (180 • /π)(r0/dA(z0)), with dA(z) the angular diameter distance in a flat ΛCDM model (ΩM = 0.3, h = 0.7), and z0 the redshift of the center of the void, at comoving distance y0 = y(z0). Qualitatively, a large LTB void can explain the CMB cold spot of about half the size. Moreover, compared to the linear ISW, the same decrement can be explained by a shallower void than is allowed by ΛCDM cosmology. Note that the LTB model is only used as a general relativistic model for the void dynamics and its effect on the CMB, while the background cosmology is assumed to be standard ΛCDM.
RESULTS
We construct a χ 2 corresponding to a simultaneous fit for the projected LTB void in the galaxy map, and the corresponding RS effect on the CMB. As primary parameters, we chose (δ0, r0, z0), giving the following:
The first term corresponds to the χ 2 of the projected LTB void profile (3) with respect to the observed WISE-2MASS galaxy distribution, using uncorrelated Poisson errors, σi. The second term is the χ 2 of the CMB profile compared with the LTB prediction (4) of the same void seen in the galaxy map. While Poisson fluctuations due to the discrete nature of galaxies are uncorrelated, the covariance matrix of rings in the CMB is highly correlated. Here the actual CMB fluctuations are considered as noise with respect to the RS effect we want to measure. The covariance matrix was determined from 10,000 Gaussian CMB realizations. Simultaneous minimization yields the best fit parameters, which we quote here with marginalized 1σ errors,
The LTB model parameter δ0 is the 3D Dark Matter density decrement, giving a 12% projected underdensity, i.e. δ2D(θ = 0) = −0.12, at the center of the void. The angular sizes θ0 = 28.8
• ± 5.2 • , andθ0 = 14.1 • ± 2.5
• are derived parameters, representing the angular scales of the profile on the galaxy map and the CMB, respectively. Note that the radius of the LTB profileθ0 = 14.1
• ± 2.5
• on the CMB matches the outer hot ring around the cold spot discussed in Zhang and Huterer (2010) .
For later comparison, we calculate the averaged underdensity within the best fit radius r0 = 195 h −1 Mpc. The 3D top-hat-averaged density from the LTB profile, see Eq. (2), isδ = 3/r 3 0 r 0 0 r 2 drδ(r) = −δ0/e. This finally gives the average void depthδ = −0.10 ± 0.03.
Note that our fit uses ring profiles only, but for illustration purposes we include in Fig. 3 the corresponding cumulative disk profiles, cautioning that the corresponding errorbars are correlated.
BAYESIAN MODEL COMPARISON
In order to correctly interpret the above results and weight the significance of the LTB void model, we consider as null hypothesis the case of the CS being a statistical fluctuation, and furthermore consider as a second hypothesis the phenomenological texture profile proposed by , which is characterized by a power-law δT (θ) = −A 1 + 4θ 2 /θ 2 T −1/2 matched to a Gaussian tail at angles larger than √ 3θT /2. Since we don't have a density profile for We used 10 bins for the CMB profile, and fitted 3 parameters in the LTB void model, and thus we have ν = n − 3 = 7 d.o.f. The minimum χ 2 of the LTB model is thus a very good fit, since the expectation is χ 2 min = ν ± √ 2ν = 7 ± 3.7. The LTB and texture models are strongly preferred over the null hypothesis, and the LTB model is also preferred (∆χ 2 2.5) over the texture model, based on the χ 2 values alone.
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Next we calculate the Bayes factors for all three hypotheses, to gain more insight on the interpretation of the results. The evidence has been calculated integrating the full CMB likelihood over the priors. We chose noninformative uniform priors for both LTB, δ0 ∈ (−0.3, 0), r0 ∈ (100, 300) h −1 Mpc, and z0 ∈ (0, 0.3), and for the texture parameters, A ∈ (−400, 0) µK and θT ∈ (0, 30
ln E texture = −15.47 .
Thus considering the Bayesian evidence, the LTB void is strongly favored, according to Jeffreys' scale, over both the null hypothesis and the phenomenological texture model. Future data from CMB lensing (Das and Spergel 2008) and from 21-cm observations (Kovetz and Kamionkowski 2013) may help to further discriminate between the texture and the void hypotheses. 
CONCLUSIONS
In this Letter, we have shown for the first time that a large underdensity in the WISE-2MASS catalogue of Kovács and Szapudi (2014) could be imprinting the observed Cold Spot in the CMB. In particular, we show that both the void profile and the CMB profile can be simultaneously fit assuming an LTB profile embedded in an FRW universe located at redshift z = 0.155 ± 0.037 with radius r0 = 195 ± 35 h −1 Mpc, and top-hat-averaged depthδ = −0.10 ± 0.03. Such an LTB supervoid gives a perfect explanation, via a Rees-Sciama effect, of the Cold Spot anomaly, and is strongly preferred (using a Bayesian analysis) over the null hypothesis (statistical fluctuation) or a texture model.
A related project Szapudi et al. (2014) used the same WISE-2MASS data set supplemented with PS1 photometric redshifts and the data by Granett, Szapudi and Neyrinck (2010) for a direct tomographic imaging of the CS region. They found a supervoid at z = 0.22 ± 0.01 with radius r0 = 192 ± 15 h −1 Mpc and depth of δ = −0.13 ± 0.03. These parameters are in excellent agreement with the findings of the present work, with the redshift slightly closer, but only by 1.75σ. Thus it is safe to conclude that the same supervoid was found with fundamentally different methods, and substantial difference between the two data sets: we do not have access to PS1 and Granett, Szapudi and Neyrinck (2010) , while Szapudi et al. (2014) did not use any CMB data. Based on both of these works we conclude that the most plausible explanation of the CS is that it is due to a rare foreground supervoid structure that has been now identified in several data sets. Once photometric redshift will become available in the region, a precision LTB fit can be performed to refine these results further.
This Letter has provided a quantitative explanation of the CMB CS as a dominant RS effect due to a supervoid, here detected in the WISE-2MASS catalogue and described by an LTB profile. On scales larger than 25 degrees there is only one more underdensity in the WISE-2MASS catalogue, whose projected angular size is similar to the one in the direction of the CMB CS and is visible in the 2MASS maps at lower redshifts . A thorough study of the connection between the most prominent underdensities of the WISE-2MASS all-sky survey catalog and the CMB temperature maps of Planck will be reported elsewehere.
